We analyze power-suppressed contributions to singlet pseudoscalar η and η ′ meson transition form factors. These corrections stem from endpoint singularities and help improve the agreement between QCD theory and the experimental data, in particular, at low-momentum transfers. Using the CLEO data, we extract information on the profile of the η 1 and η 8 distribution amplitudes in the SU (3) F octet-singlet basis employing both the one-angle and the two-angle mixing schemes. In the former scheme, we find good agreement with the CLEO data, while in the second case, our approach requires non-asymptotic profiles for these mesons.
Introduction
Control over power-behaved corrections in QCD processes is crucial for the correct interpretation of high-precision experiments in which intact hadrons appear in the initial and/or final states. Prominent examples are mesonphoton transition form factors, as measured by the CLEO collaboration [1] for the pion and the η and η ′ , and the recent JLab high-precision data for the pion's electromagnetic form factor [2] .
Because, theoretically, the dynamics of such exclusive processes involves the corresponding meson distribution amplitudes, one can extract crucial information about the nonperturbative partonic structure of pseudoscalar mesons. In contrast to the hard-scattering amplitude, that can be systematically computed within perturbative QCD and is specific for each process, hadron distribution amplitudes are universal quantities that encode the partonic structure of hadrons. Their computation requires the application of nonperturbative methods, like QCD sum rules with nonlocal condensatesintroduced in [3, 4, 5] and recently improved in [6] -to derive a realistic pion distribution amplitude complying with the CLEO data on the pion-photon transition at the 1σ level [7] . In addition, this type of pion distribution amplitude was recently [8] used in conjunction with fixed-order [9, 10] and resummed [11, 12] Analytic Perturbation Theory to calculate the pion's electromagnetic form factor providing very good agreement with the existing data.
Alternatively, one can use the factorization QCD approach in order to extract the shape of the pion (pseudoscalar meson) distribution amplitude directly from the data. The reliability of the latter possibility depends, however, on the way one deals with fixed-order perturbative calculations. To minimize the influence of (disregarded) higher-order contributions, while approaching the kinematic endpoint regions of the process in question (where the nonperturbative dynamics dominate), one may use Borel resummation techniques and, by this way, estimate power-behaved corrections. Indeed, this type of approach [13] was recently used to compute the pion-photon transition form factor and determine the pion distribution amplitude with results for the latter quantity close to the profiles determined with the nonlocal QCD sum rules just mentioned.
In the present exposition, we apply this type of approach (called the RC method) to extract the distribution amplitudes of the η and η ′ mesons with particular focus being placed on their gluonic content [14] . More details of our approach can be found in [15, 16, 17, 18, 19 ].
η-η ′ mixing schemes
Physical pseudoscalar mesons η, η ′ are admixtures of SU (3) F octet (η 8 ) and singlet (η 1 ) states:
where θ p is the pseudoscalar mixing angle in the octet-singlet scheme (for a review and further references, see [20] ).
On the parton level, the states η 8 and η 1 are given by
with θ I being the ideal mixing angle. Then, in turn, η and η ′ are admixtures ofpairs (in a quark-flavor basis) expressed via
where α p = θ p − θ I + π/2 denotes the deviation of the mixing angle from the ideal one due to the U A (1) anomaly-in contrast to the vector meson φ − ω system with α v ≃ 0. Note that the flavor-singlet pseudoscalar state contains also a gluon component: "gluonium". To accommodate the gluonic component, one has to extend the mixing scheme to a 3×3 matrix with three mixing angles; i.e., [21] 
where ι is a Glueball state and G = |gg denotes gluonium. Note that |η ≃ |η 8 (because m η ≃ m 8 due to the Gell-Mann-Okubo mass formula), so that the |η 1 admixture is small with practically no room for a |G contribution. Hence, γ = 0, and, as a result,
A physical state is then a superposition of the sort
with components (in the quark-flavor basis) given by
The physical states η and η ′ are
with mixing coefficients
related to the mixing angles
and
The SU (3) F octet-singlet basis is provided by
One notes that the octet-singlet and the quark-flavor basis are equivalent, but that the parameterizations of the decay constants are different. Let us now have a closer look to the decay constants of M = η, η ′ mesons. Their parameterization is defined via
where J i µ5 is the axial-vector current (i = Q, S or i = 1, 8). In the quarkflavor basis, the decay constants follow the pattern of state mixing, i.e.,
In the octet-singlet basis the situation is different:
Note that in general, θ 8 = θ 1 = θ p . In the present analysis, we use the octet-singlet basis with the one-angle (standard) parameterization with
and the two-angle mixing scheme with the parameters
3 Electromagnetic ηγ, η ′ γ transition form factor
In the Standard Hard-scattering Approach (HSA), the transverse momenta are neglected (collinear approximation) and the meson (π, η, η ′ . . .) consists in leading twist (t = 2) only of valence |qq and |gg Fock states. Let us summarize some important issues:
• The η − η ′ system shows flavor mixing due to the SU (3) F symmetry breaking and the U (1) A axial anomaly.
• The quark-singlet |η 1 and the gluonium state |gg mix under evolution; both carry flavor-singlet quantum numbers.
• The gluon content of the η ′ can reach the level of 26% [21] .
• The meson-photon transition form factor contains a singlet and an octet part:
• The singlet part, F 1 Mγ (Q 2 ), has a quark and a gluonic component ( [22] -using the standard HSA; [14] -using the endpoint-sensitive RC method). This means
where ⊗ denotes integration over longitudinal momentum fractions x from 0 to 1 and µ F is the factorization scale.
The transition form factor in the HSA can be expressed in terms of the convolution
with Q 2 = −q 2 > 0 and q is the four-momentum of the virtual photon. Figure 1 shows an example of the Feynman diagrams contributing to F Mγ at NLO. In Fig. 1 , the partonic subprocess γ * +γ → q +q is described by the hard-scattering amplitude T H (x, Q 2 ; µ 2 F , µ 2 R ) (µ R being the renormalization scale), whereas the nonperturbative dynamics is contained in the universal meson distribution amplitude φ M (x, µ 2 F ). Note that φ 8 satisfies a scalar evolution equation, analog to the π case, while φ 1 and φ g evolve together via a (2×2)-matrix evolution equation. Thus, we have [23] 
with a LO solution given in terms of Gegenbauer polynomials (x ≡ 1 − x):
In Eq. (21), the projection coefficients B 8 n encode the nonperturbative information that is not amenable to QCD perturbation theory, as we have already mentioned. On the other hand, the singlet φ 1 and gluonium φ g distribution amplitudes fulfill the matrix evolution equation
with LO solutions provided by
The normalization conditions are
The quark component of the singlet state reads
with the symmetry condition φ g (x, µ 2 F ) = −φ g (x, µ 2 F ). The associated anomalous dimensions [17] are
.
The numerical values of these parameters (n f = 3) are
The required Gegenbauer polynomials are
4 Hard-scattering amplitudes for the ηγ and η ′ γ transition
The form factor for the ηγ and η ′ γ transition, given by
, contains a singlet part comprising quark and gluon components:
The octet part contains only a quark component; it reads
The expressions for the involved hard-scattering amplitudes are
and the charge factors read
5 ηγ, η ′ γ transition form factor in the RC approach
Let us outline here the essentials of the endpoint-sensitive RC method.
• Solve the renormalization group equation for α s (λQ 2 ) in terms of α s (Q 2 ) [24] to α 2 s (Q 2 ) accuracy.
• Expand the hard-scattering amplitude T (Q 2 ) of the process as a power series in α s (Q 2 ) with factorially growing coefficients C n ∼ (n − 1)!. Then, one finds
• Endpoint singularities x → 1x → 1 transform into IR renormalon (multi-)pole divergences at u 0 = n (in our case n = 1, 2, 3, 4) in the Borel u plane.
• Removing these poles via the P.V. prescription, we obtain resummed expressions for
• The pole at u 0 = n of the Borel plane corresponds to power-suppressed corrections ∼ (1/Q 2 ) n contained in the scaled form factors.
Let us close this section, by commenting upon the importance of power corrections from the theoretical point of view and in comparison with the standard HSA. The latter prefers to set µ 2 R = Q 2 . Then, large NLO logarithms are present. The RC method sets instead µ 2 R = xQ 2 . As a result, the term ln(µ 2 R /xQ 2 ) in the NLO contribution is eliminated, but the integration over x gives rise to power-suppressed contributions in the endpoint regions x → 0, 1. Note in this context that because asymptotically both approaches have to yield the same results, one has to verify that the induced power corrections do not affect this regime, leaving the asymptotic behavior of perturbative QCD unchanged. Hence, in technical terms, one has to ensure that ∞ 0 due −ut R(u, t)
In view of the above remarks, the best (perturbative) procedure is the one that minimizes the NLO contribution while keeping power corrections under control.
The present analysis employs the following scales:
The estimated influence of higher-twist uncertainties is of the order of (10 − 15)%.
Borel Resummed ηγ and η ′ γ transition form factors
The NLO expression for the transition form factor, calculated with the RC method [14] , comprises a quark component
and a gluon component
Summing up, we can write-in the context of the RC method-the transition form factors Q 2 F 1 Mγ (Q 2 ) and Q 2 F 8 Mγ (Q 2 ) as follows
Now recall that the running coupling α s (xQ 2 ) in terms of α s (Q 2 ) [24] reads
In this way, we finally arrive at the following expressions for the resummed singlet and octet transition form factors within the RC method:
In the above expressions, the following abbreviations have been used [14] : with a ≡ ln(Q 2 /µ 2 F ) and the Gegenbauer coefficients being given by
(52)
Phenomenological Analysis
In this section we perform numerical computations of the Borel resummed and rescaled by Q 2 ηγ and η ′ γ transition form factors in order to extract the η and η ′ meson distribution amplitudes from the CLEO data. We shall also compare our theoretical predictions with those obtained with the standard HSA [22, 25] , the aim being to reveal the role of power corrections at lowmomentum transfer in the exclusive process under consideration. Let us start our discussion by quoting the results obtained in [22] (see also [26] ) using the standard HSA. Their main predictions are shown in Fig.  2 in comparison with the CLEO data [1] .
As one sees from this figure, the agreement between the theoretical predictions and the low-momentum data is rather poor-especially when using asymptotic profiles for the η, η ′ meson distribution amplitudes. To decrease the magnitude of the form factors at low Q 2 , and achieve this way a better agreement with the data, the standard HSA would call for the two-angles mixing scheme and for distribution amplitudes mainly with B q 2 (η 1 ), B q 2 (η 8 ) < 0. The inclusion of power-law corrections changes the lowmomentum behavior of the form-factor predictions significantly, as one observes from Fig. 3 . Indeed, using the standard octet-singlet mixing scheme, one can reproduce the trend of the CLEO data rather well in the whole momentum range explored-especially with a non negligible gluon contribution (the Gegenbauer coefficients are given in Fig. 3 )-because the effect of power corrections is to enhance the absolute value of the NLO correction to the form factors by more than a factor of 2.5 − 3. Since the contribution of the NLO term to the form factors is negative, the power corrections reduce the leading-order prediction for the form factors considerably, while at the highest Q 2 values measured by the CLEO collaboration this influence becomes more moderate.
The 1σ regions in the form of shaded areas for the scaled form factors for the ηγ and η ′ γ transition in the RC method and using the octet-singlet scheme are displayed in Fig. 4 . The central line corresponds to the coefficients values B q 2 (η 1 ) = B q 2 (η 8 ) = 0.05; B g 2 (η 1 ) = 17. A full-fledged discussion of these issues is given in [14] , together with error estimates arising from varying the values of the theoretical parameters used in the analysis. It is important to emphasize that our calculations do not exclude the usage of the two-angles mixing scheme in conjunction with the RC method. But in such a case, a considerably larger contribution of the non-asymptotic terms to the distribution amplitudes of the η 1 and η 8 states would be required. Carrying out such a computation [14] , we obtained the results shown in Fig. 5 . Inspection of the left panel of this figure reveals that the ηγ transition FF found within this scheme lies significantly lower than the data. Therefore, to improve the agreement with the experimental data, a relatively large contribution of the first Gegenbauer polynomial to the distribution amplitudes of the η 1 and η 8 states seems necessary. The Gegenbauer coefficients corresponding to the predictions shown in Fig. 5 are B q 2 (η 1 ) = 0.15, B q 2 (η 8 ) = 0.15 and B g 2 (η 1 ) = 18. We consider the values B q 2 (η 1 ) = B q 2 (η 8 ) = 0.15 as actually determining the lower bound for the admissible set of distribution amplitudes in the context of the two-angles mixing parameterization scheme. Hence, in that scheme, we obtain Let us close this section by summarizing the main differences between the standard HSA and the RC method: (i) Form factors in the HSA overshoot the CLEO data-especially in the low Q 2 region-even with the NLO corrections included. (ii) Values of the Gegenbauer coefficients B q 2 (η 1 ), B q 2 (η 8 ) > 0 increase the disagreement, while B g 2 (η 1 ) > 0 reduces the disagreement. Hence, a better agreement with the CLEO data would call for the twoangles mixing scheme and B q 2 (η 1 ) , B q 2 (η 8 ) < 0. (iii) The inclusion of power corrections enhances the (negative) NLO correction to the form factors at low Q 2 by factors 2.5 − 3. In order to quantify these statements, we show in Fig. 6 , the numerical results for the ratio
for some selected values of the expansion coefficients. As a result, the RC method, employing the one-angle mixing scheme, is in good agreement with the CLEO data. (iv) Using instead the two-angles mixing scheme, the RC method favors non-asymptotic profiles for the distribution amplitudes of η 1 and η 8 , e.g., B q 2 (η 1 ), B q 2 (η 8 ) ≥ 0.15 and B g 2 (η 1 ) ∈ [16, 20] , while the region B q 2 (Q 2 ≃ 2 GeV 2 ) < 0 seems to be incompatible with the CLEO data. Figure 6 :
The ratio R(Q 2 ) for the ηγ form factor. The solid line corresponds to the input parameters B q 2 (η 1 ) = B q 2 (η 8 ) = B g 2 (η 1 ) = 0. The dash-dotted curve describes the same ratio, but for B q 2 (η 1 ) = B q 2 (η 8 ) = 0, B g 2 (η 1 ) = 14, while the dashed one corresponds to B q 2 (η 1 ) = B q 2 (η 8 ) = 0.05, B g 2 (η 1 ) = 10.
Conclusions
The renormalon-inspired RC method enables the inclusion of power corrections originating from the kinematic endpoint region (x → 0, 1), where nonperturbative QCD dominates and fixed-order perturbative computations of such corrections yields divergent results. We found that power-suppressed ambiguities to form factors vary between 3% at high and 11% at low Q 2 values. On the other hand, we have verified that the asymptotic limit of [Q 2 F Mγ (Q 2 )] resum coincides, as it should, with the standard HSA result, leaving the asymptotic properties of QCD perturbation theory unchanged. The effect of power corrections at Q 2 ≤ 5 GeV 2 enhances the (negative) NLO correction by 2.5 − 3 times, providing this way agreement with the trend of the CLEO data. In the standard octet-singlet scheme we found B q 2 (η 1 ) = B q 2 (η 8 ) ≥ 0.055 ± 0.065, B g 2 (η 1 ) = 18 ± 4.5, whereas in the two-angles mixing scheme, we found B q 2 (η 1 ) = B q 2 (η 8 ) ≥ 0.15, B g 2 (η 1 ) ∈ [16, 20] . The distribution amplitude of the η and η ′ mesons, obtained in this work, can be useful in the investigation of other exclusive processes that involve η and η ′ mesons, especially at lower momentum-transfer values, where the standard HSA is most unreliable.
